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In this current work an open-source 2D Digital Image Correlation (DIC) tool, RealPi2dDIC, is presented to
monitor in-situ full field deformation and strain responses of structures during loading. This software is coded in
Python3 and uses Raspberry Pi as the computation and Pi camera as the imaging device. This low-cost approach
to in-situ DIC analysis enables its application in a broad field of research and industry problems where 2D strain

field tensor is one of the principal interests of study. This code is provided with an interactive user interface (UI)
making it user friendly and easy-to-use. Furthermore, RealPi2dDIC offers a simple software architecture which
can be adopted, modified and extended to suit users’ purpose.

1. Motivation and significance

When it comes to the development and maintenance of different
structures under loading (mechanical and thermal), strain and defor-
mation are critical parameters to consider. In experimental solid me-
chanics, a single scalar value of strain is measured using pointwise strain
gauges such as electrical resistance strain gauge, extensometers and
using cross head movements of the testing equipment. But it considers
the strain as homogeneous which does not represent the true nature of
strain. Hence, these methods have been found to be imperfect in
recording the true characteristics of materials under testing [1,2]. To
acquire local deformation information for inhomogeneous deformation
fields, several non-contact optical methods, including speckle interfer-
ometry, moiré interferometry, the grid method and digital image cor-
relation (DIC) are developed and implemented [3-5]. Through the last
few decades, DIC has been developed significantly into an effective and
flexible tool for surface measurement from nanoscale to macroscopic
level compared to the other techniques [6]. In DIC technique, a series of
images of an object under ongoing deformation are captured and
compared with a non-deformed reference image. Typically, a
speckle-like pattern is applied on the region of interest (ROI) of the
specimen which is used to correlate the image coordinates of an image

DOI of original article: https://doi.org/10.1016/j.50ftx.2020.100645.
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and a reference image using a proper optimization algorithm [7].
Thenceforth, from the coordinate mapping, full field strain is computed.
With the continuous advancement of DIC technique, a number of algo-
rithms has been developed for correlating images, including the most
common ones- finite element-based DIC method (FE-based global DIC)
[8], subset based Newton-Raphson (NR) algorithm [9] (Table 1).

Over the years, DIC has been used in various scientific fields as a post
processing tool for strain measurement. However, in real-world appli-
cations in-situ monitoring of strain development is much desired.
Continuous development of the NR algorithm ensured the employment
of this to acquire highly accurate DIC measurements [10,11], but one
disadvantage of NR algorithm, however, is the requirement of signifi-
cant computational time [12]. Due to this limitation, application of DIC
in real-time displacement and strain measurements is still an ongoing
research effort. In the recent years, algorithmic development has been
explored to minimize the computational cost for DIC measurements. Tao
and Xia developed a real-time measurement system which required a
high-end CCD camera and two separate computers to acquire and pro-
cess data to increase the computation speed [13]. Wu et al. developed a
new integer pixel search scheme [14] which ensured a higher compu-
tational speed for real-time application of DIC. The algorithm was coded
using C++ language and depends on the computational device
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Table 1
Code metadata.

Code Metadata

Current code version

Permanent link to code/repository used
of this code version

Code Ocean compute capsule

Legal Code License

Code versioning system used

Software code languages, tools, and
services used

Compilation requirements, operating
environments & dependencies

If available Link to developer
documentation/manual

0.0.1

https://github.
com/utaresearch/RealPi2dDIC

n/a

GNU-GPLv3

none

Python3, opencv, numpy, scipy, picamera,
matplotlib

Raspberry Pi, Raspbian OS, Pi camera
module v2
https://utaresearch.github.io/
RealPi2dDIC/docs.html

https://utaresearch.github.io/
RealPi2dDIC/sop.html

Support email for questions parthapratim.das@mavs.uta.edu

critically. Although these methods exhibit high accuracy in results, it is
still a challenge to balance between mobility, simplicity, accuracy and
cost when practical applications are considered.

Commercial DIC software such as VIC-2D, GOM Correlate, LaVision
StrainMaster (including own imaging system), MatchID-2D and open
source software like nCorr [15], ALDIC [16], DICe [17]1, Py2DIC [18],
pydic [19], uDIC [20], YADIC [21], Ufreckles [22] are now available.
Open source software is more preferred in academia as they accom-
modate the flexibility of modifications. However, except Py2DIC and
uDIC, the other codes are either depended on the commercial software,
or formulated as scripts with very limited documentation [20]. More-
over, each of the software can only be used as a post processing tool for
deformation and strain measurements using DIC. VIC-2D Gage and
Dantec Systems DIC Solutions provide some DIC systems for in-situ
monitoring of deformation and strain, but they are only available
commercially.

In this prospect, RealPi2dDIC brings a solution to in-situ monitoring
of 2D full field strain through a very low-cost approach. In this system, a
Pi camera module v2 is used as the image capturing device and a
Raspberry PI model 3B+ is used as the computing device which has
reduced the cost of equipment significantly while increasing mobility
and simplicity. It has been programmed in one of the most accessible and
popular programming languages- Python3. To optimize the overall
processing speed, a very well established optical flow technique - Lucas-
Kanade (LK) algorithm [23] is used which works based on subset based
NR algorithm at a faster speed [24]. To incorporate the LK method in the
program, the open source computer vision library for Python3, OpenCV
[25] has been used which also increases the processing speed. For fast
array operation and interpolation, NumPy [26] and SciPy [27] libraries
are used in this software. All these optimization techniques combinedly
make RealPi2dDIC an effective system to monitor in-situ strain over a
planar body in both indoor applications, e.g. material characterization
tests in a laboratory setup, etc. and outdoor applications, e.g. beams and
bridge deflection monitoring, etc. The user can easily implement this
hardware-software system in desired applications following the experi-
mental procedure explained in the examples.

2. Software description

RealPi2dDIC is a software consisting of a few high-level classes and
functions which is used for capturing images utilizing a Pi camera
module, generating data for image correlation, interpolation and data
post-processing. Given the flexibility of a Pi camera module, this soft-
ware makes it usable in different lighting conditions by controlling the
capture parameters. The initial correlation approach includes the inde-
pendent analysis of points using local subsets (termed as “correlation
window”) about each point within a Region of Interest (ROI) of a
reference image captured in the beginning with no deformation. The
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ROI is selected by the user through an interactive UI The displacements
of the points are computed by mapping the subsets in the reference
image with corresponding subsets in a subsequent image after defor-
mation. This system offers subpixel accuracy aided by interpolation [18]
of the local displacements as well raw displacements (without any
interpolation). Using the results from the interpolated or raw displace-
ment, strain field is calculated and prepared for post processing, and
visualization through a contour plot over the ROI. The raw data
generated by this system also offers the flexibility of using different
other tools for post-processing.

2.1. Software architecture

RealPi2dDIC is coded in Python 3.6 using a few external packages
(principally OpenCV, NumPy, SciPy, Picamera [28], Matplotlib [29]). This
code is motivated by pydic [19] incorporating additional features (i.e.
real time data acquisition and processing, use of low-cost embedded
device for enhanced application). The choice of pydic, as the core ar-
chitecture for RealPi2dDIC was motivated by several aspects, including
a high level of versatility and simplicity, dependency on external
packages (i.e. OpenCV, Numpy, Scipy, Matplotlib) that makes the soft-
ware compatible in terms of computational performances with the
RaspberryPi device. In addition, pydic offers several original numerical
treatments able to improve the accuracy of results in terms of
displacement and strain fields measurements. These treatments are
based on removing rigid body movements algorithm and spline
smoothing method for reducing noises induced by image acquisition
artifact such as optical problems, kinematic chain problems, optical
sensor sensitivity, etc. RealPi2dDIC uses the same global architecture as
pydic with additional steps and components for real time data acquisi-
tion and preprocessing. A simple flow of processes occurring in an
instance of RealPi2dDIC is shown in Fig. 1.

Being highly modular, this software consists of multiple processes
running concurrently:

e grid: A core class that contains data processed by DIC measurement
with a collection of functions for initiating required interactive UI,
performing image correlation, and processing and exporting raw
data.
DIC Run: A simple interface function with user which calls most of
the important functions including functions used for capturing im-
ages, defining ROI, writing raw image data and correlated data in a
text file. All the events of this software are wrapped in a loop in
DIC_Run.
raw_Data_Process: It calls a few functions used for reading raw image
data and correlated data from generated txt file, followed by per-
forming data interpolation and exporting raw data
e Plot: A class which includes all the required operations for visuali-
zation of the computed strain field

RealPi2dDIC software architecture including the main components
and their functions are demonstrated in Fig. 2.

2.2. Software functionalities

The main functionalities of RealPi2dDIC are explained in the
following:

2.2.1. Flexible image capture operation

RealPi2dDIC uses a Raspberry Pi camera module v2 as its image
capturing device for DIC. Pi camera v2 is a very lightweight camera
module weighing only 3 g. It has a Sony IMX219 sensor with 3280 x
2464 pixels resolution and 3.04 mm focal length. It allows the user to
control the image capturing parameters such as brightness, contrast,
exposure compensation, ISO, white balance and exposure mode. For a
common exposure of the images captured, ‘beach’ exposure mode is
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Fig. 1. Flow chart of RealPi2dDIC for in-situ strain monitoring of a structure under loading.
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Fig. 2. A full pipeline showing the main components of RealPi2dDIC and their functions.

preferred. Proper camera white balance should be selected based on the picamera module’s documentation [28]. The brightness, contrast,
color temperature of the light source in use. Different options for exposure compensation and ISO can be controlled using an interactive
exposure mode and white balance are available and can be found in the UI (Fig. 3. (a)) coded with OpenCV which allows a greater flexibility in
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Fig. 3. (a) UI for selecting Image capture parameters, (b) Schematic diagram of the reference image and deformed image, (c) central pixel and correlation window.

selecting these key parameters based on the lighting arrangements. The
software architecture of RealPi2dDIC can also be modified to incorpo-
rate different source camera and image formats.

2.2.2. Image correlation

This is the main function of this software where the correlation be-
tween a deformed image and reference image is done using LK optical
flow algorithm [23]. This is a well-established method, used widely in
the field of computer vision [30]. LK algorithm makes the best calcu-
lation of the displacement of a neighborhood of pixels, assuming locally
constant motion of the pixels.

Grey-scale intensity measurement is the main tool in LK algorithm.
Fig. 3. (b) represents a square window through which the intensity of a
single pixel p can be detected. In the consecutive image, due to defor-
mation the intensity of the pixel has been changed to g. This algorithm
assumes that a displacement of the pixel has occurred in both the x and y
directions as the new intensity is visible through the square window. It
leads to the general formation of the Eq. (1),

Ix(x,y)~u+1y(x,y)-v: _It(xvy) (@]

where, u and v are the displacement of the pixel in two directions, I, and
I, are the intensity per pixel at (x,y) coordinate, I, is the local difference
in intensity (p-q). In real-world conditions, Eq. (1) cannot be solved
directly as there are more variables than equations. It is, therefore in LK
algorithm, assumed that the neighboring pixels has the same displace-
ment (u,v). For example, if a subset of 5 x 5 pixels is considered, there
would be 25 equations for 2 variables (u,v) (Eq. (2)).

La Ip Iy

Lo Ip |[u] | Ie

: : |:V:| - : @
Los Ijps I2s

The overdetermined system in Eq. (2) is solved using Least Square
Solution (LSQ) principle shown in Eq. (3):

bt

Specifically, in RealPi2dDIC the algorithm is applied through the
OpenCV function calcOpticalFlowPyrLK [25]. Along with imple-
menting LK method it uses pyramid levels [31] for more computational
accuracy of small and larger motions. In RealPi2dDIC, a pyramid level of
maximum 10 is used. In the higher level of the pyramid, small motions
are neglected, and large motions are scaled to small motions. While LK
method is used to compute small displacements, the implementation of
pyramid levels leverages the algorithm to detect large motions in
real-world scenario [32]. In DIC analysis, the window size has sub-
stantial consequences on the precision and speed of displacement
measurement which also depends on the type of speckle pattern. Pan
et al. conducted a study on the window size selection for speckle patterns
of different grayscale distributions [33]. For high contrast speckle

patterns, Pan et al. observed the least standard deviation (SD) for 65 x
65 to 70 x 70 pixels, henceforth, this parameter in this implementation
has been kept to an optimum of 65 x 65 pixels to have the least standard
deviation and higher computation speed. However, the user can also
change the subset size based on the type of speckle pattern inside the
source code.

2.2.3. Displacement interpolation

In most DIC algorithms, displacement is computed in pixel in-
crements, however, the test specimen is not supposed to move in pixel
increments. It results in erroneous estimation accompanied by noise. To
get rid of this issue, interpolation of the displacement field is required.
RealPi2dDIC offers a displacement field computation both with and
without interpolation. If the interpolation parameter in raw_-
Data_Process is selected as bivar_Spline, a bivariate B-spline
function for surface fitting is implemented to flatten the displacements
computed at each pixel of the points considered. Following the recom-
mendations of Dierckx [34], a 5th order spline function is implemented
using the SciPy library functions scipy.interpolate.bisplrep
and scipy.interpolate.bisplev [27]. It handles the missing data,
reduces noise and smoothens the displacement field with highest accu-
racy possible.

2.2.4. Full-field strain measurement and visualization

In RealPi2dDIC, full field strain is computed from the interpolated
displacement field, implementing the finite strain theory as followed in
multiple DIC applications [18,35,36]. The strain, therefore, is obtained
using the Lagrangian finite strain tensor shown in Eq. (4).

-l
gxx:%+%((%)z+(g)z) (4b)

€ *5—V+1 ou 2+ d ’ (4¢0)
sy 2\ \sy 8y
1/6u év dudu &vév

H ] 3 Su év du
where, e, £y, and &y, are the Lagrangian finite strains and %, &, 5 and

%‘j are displacement gradients. The displacement gradients are calculated
using the NumPy library functions for numerical differentiation. Then,
the strain in x and y directions are visualized using the matplotlib library
functions.

2.2.5. Exporting raw data

Along with full field strain visualization, correlated displacement
and strain raw data can be obtained as CSV (Comma-Separated Values)
files that facilitate subsequent visualizations using any other tool. To
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implement this, the value of export_RAWin DIC_Run function must be
changed to True, from the initial value of False which ensures a faster
computational speed beforehand.

3. Ilustrative example

RealPi2dDIC can be used to measure displacement and strain field of
any planar surface of a structure during loading. Here we demonstrate,
as an illustrative example, in-situ strain field measurement of a
displacement controlled quasi-static test of a flat Aluminum dog-bone
shaped specimen. The schematic diagram of the experimental setup is
shown in Fig. 4. The specimen surface should have a good speckle-like
pattern which is mandatory for optimal performance of DIC analysis
[37].

The user has to install all dependencies following the instructions in
the readme.md file supplied with the software package. The software can
be run from the Raspberry Pi command line:

S python RealPi2dDIC.py

The interface will ask for a directory name where the captured im-
ages and result files will be stored. Then the user has to select the image
capture parameters based on the lighting conditions followed by the
selection of ROI where DIC analysis would be done. Afterwards, Real-
Pi2dDIC starts capturing images along with DIC analysis, and visualizes
the results. Fig. 5. shows the longitudinal and transverse true strain field
of the test specimen at different times of the test. It is observed that the
failure has occurred where the strain was observed maximum. To vali-
date the results, the raw images of this test has been analyzed with an
open source DIC software DICe [17]. From Fig. A.6 it is discerned that
maximum longitudinal strain is 22.5% and maximum transverse strain is
6.2%, both at point 4 which validates the strain data (Fig. 5.) acquired
in-situ by RealPi2dDIC. A statistical analysis has also been done on the
results of RealPi2dDIC and DICe for the same image set and it has been
found that the results of RealPi2dDIC well follow the trend compared to
the results of DICe (Table 2).

4. Impact

Digital Image Correlation is a robust tool widely applied in both
academia and industry for its ease of use in complex operations without
compromising the accuracy of measurement. RealPi2dDIC advances this
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technology by introducing a very low-cost approach to monitor in-situ
full field deformation and strain of structures under loading. This can
be applied to a wide range of research fields and real-world problems
where the assessment of deformation of structures is of interest. The
application of this tool includes but is not limited to:

e Experimental solid mechanics (e.g. mechanical testing and charac-

terization of metallic, polymeric, and composite materials)

Study and monitoring of engineering components under mechanical

or thermal loading

o Biomechanical applications (e.g. characterization of soft and hard
tissue, etc.)

e Monitoring deformations in rail and road bridges

e Crack opening in civil engineering structures, especially in nuclear
industry

This also has the potential to be the viable alternative of manual
inspection techniques of large civil engineering structures like buildings,
bridges, and power generation infrastructures.

RealPi2dDIC has been developed with a high emphasis on the
simplification of input parameters through an interactive Ul Usage of
Raspberry Pi and Pi camera offers a cost-effective solution for research
groups and small-to-large industry where commercial systems are not
available. This tool can be used in any indoor and outdoor environment
because of the form factor of the system and can be controlled remotely.

The vast acceptance of Python3 as a programming language makes it
the perfect environment for this tool, enabling continuous development
of the code and adding new features that can help the researchers in an
unprecedented way. Not to mention, the open nature of this tool also
motivates the users to adopt, modify and extend the code to serve their
purpose. This Raspberry Pi and Pi camera-based system can also be
replaced with other powerful single-board computer systems (e.g.
NVidia Jetson, Intel NUC, etc.) and imaging devices (e.g. Digital SLR
cameras, etc.) to increase the computing efficiency at the cost of slightly
higher economic investment. Furthermore, RealPi2dDIC is distributed
under the GNU-GPLv3 license which makes commercial adoption of this
tool readily available.

1. Raspberry Pi model 3B+

2. Pi camera module v2

3. DIC visualization

4. Tensile Testing Machine

5. Specimen under testing

6. Mechanical testing controller

Fig. 4. Schematic diagram of a quasi-static test setup coupled with RealPi2dDIC system to monitor in-situ strain field.
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Fig. 5. In-situ true strain field of a specimen at different time of a quasi-static test (a.

the strain is maximum.

Table 2
Statistical data comparison of the DIC results from RealPi2dDIC and DICe.
Statistical Parameter RealPi2dDIC DICe
Transverse  Longitudinal  Transverse  Longitudinal
Mean —0.033 0.128 —0.039 0.118
Standard Deviation 0.014 0.053 0.014 0.051
(SD)
Standard Error of 0.00041 0.00152 0.00043 0.00151
Mean (SEM)

5. Conclusions

RealPi2dDIC is an open-source software to monitor in-situ full field
deformation and strain of structures using local digital image correlation
technique. For image correlation, computer vision-based Lucas-Kanade
algorithm is used and B-spline interpolation is used for deformation field
discretization, which reduces the computational cost. Unlike commer-
cial CCD camera and typical desktop computer setups, this Raspberry Pi
and Pi camera-based setup is more compact and reduces the cost
significantly. The user-friendly UI allows the users to control camera and
input parameters and makes it usable in various applications. Real-
Pi2dDIC is coded in Python3 which makes it accessible to a wide user
group motivating tweaking with the code to enable new features.
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The raw images captured while the quasi-static test of the Aluminum specimen described in “Illustrative Example” have been analyzed using open
source DIC software DICe and the results just before the failure are shown in Fig. A.6.
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Fig. A.6. a. Transverse, and b. longitudinal true strain of six different points and the strain field of the specimen analyzed with DICe.

Among the 6 points under consideration, maximum transverse and longitudinal strain is observed at point 4 which resembles the data acquired by
RealPi2dDIC.
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